Introduction
Austenitic stainless steels form an important class of materials in several energy systems. Austenitic stainless steel weld metal normally has a duplex structure that contains varying amounts of ferrite. During the past three decades, the subject of ferrite in austenitic stainless steel has received and continues to receive much attention. 13 It is recognized that if sufficient ferrite is in the weld, the ferrite will effectively prevent hot cracking. Paper presented at the AWS 60th Annual Meeting held in Detroit, Michigan, during April 2-6, 1979 .
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Several theories have been advanced to explain this phenomenon,""" yet to date our understanding of hot cracking is still incomplete. Before establishing the beneficial effect of 5-ferrite in reducing hot cracking, it is necessary to understand the origin of duplex structure in austenitic stainless steel weld metal. Extensive discussions have been published on the solidification behavior and origin of ferrite in austenitic stainless steel weld metal. However, no one has been able to clearly establish the solidification sequences leading to the observed final microstructure of the weld metal.
A vertical section 12 (at 70 wt-% Fe) of the ternary equilibrium system Fe-CrNi ( Fig. 1) shows possible sequences of phase separation during solidification under equilibrium conditions for various alloy compositions. However, the solidification behavior and sequences of phase separation in austenitic stainless steel weld metal depart considerably from the phase diagram; these occur as a result of the presence of other alloying elements and the rapid cooling of the weld metal. Generally, austenitic stainless steel weld metal solidifies by primary separation of austenite or ferrite from the melt. In certain cases after ferrite forms, austenite can envelop the ferrite and thus interrupt its growth.
One purpose of the investigation described in this paper was to examine in detail the solidification behavior of austenitic stainless steels of compositions on either side of the triangle of three-phase equilibrium in Fig. 1 ; another was to establish the origin of ferrite in the duplex structure of aus-tenitic stainless steel weld metal. Thermal analysis and interrupted solidification experiments were designed to correlate the observed microstructural features and solute distribution with solidification behavior.
Experimental Procedure

DTA and Interrupted Solidification
Differential Thermal Analysis (DTA) was carried out in argon in a Mettler Thermoanalyzer. A sample weighing approximately 7 to 8 g was heated to about 50 C (90 F) above the presumed liquidus temperature of the sample and then cooled at a constant rate of about 6 C/min (10.8 F/min). Compositions of the alloys investigated are given in Table 1 . During cooling, a 12-channel compensated recorder traced the DTA curves.
We conducted interrupted solidifi- used to analyze for microsegregation of the constituent elements within the ferrite network. 1311 Foils of Type 308 stainless steel specimens were electropolished with a dual jet polishing apparatus and a solution of 10 vol-% perchloric acid in methanol. The samples were polished at -10 C (14 F) with 55 V dc. Composition profiles were determined by manually traversing the foil in steps of either 0.2 ftm or 0.1 /itm and collecting X-ray spectra at each point for 60 s. The weight fractions of the major alloying elements iron, chromium, and nickel were determined by using the backgroundcorrected integrated intensities of their respective Ka lines, a Fe-16.17% Cr-16.5% Ni foil standard, and the following equations from Cliff and Lorimer: 13 Or,
where C,-r , C Ke , and C Nl are weight fractions of the elements; / ( -r , l r " and /\, are the background-corrected Ka peak intensities; K CrV " and K N1Fe are constants determined from the standard; and R is the weight fraction of the remaining alloy elements. Error bars defining 95% confidence intervals by Student t-tests for the true average percent of the element were determined from sets of measurements made on the standard sample.
Results and discussion
Differential Thermal Analysis
Results of DTA on the Types 308 and 310 stainless steel filler metal samples ( The above temperatures, except for the liquidus, are slightly different from the values that were reported previously 1 where a higher cooling rate (20 C/min, i.e., 36 F/min) was used to obtain the thermogram.
The temperatures of these multiphase reactions were reproducible within ±2 C (3.6 F). The DTA results also indicate that for Type 308 stainless steel filler metal the alloy line position based on nickel and chromium content alone (shown in Fig. 1 traverses the triangle of three-phase equilibrium. This is further confirmed by the interrupted solidification experiments discussed later.
Two temperatures were identified from the DTA curves for Type 310 stainless steel filler metal:
1. The primary crystallization of austenite (y) at 1395 C (2543 F).
2. The solidus temperature at about 1304 C (2379 F).
The alloy line position describing the solidification path for Type 310 stainless steel filler metal would be located to the left of the triangle of three-phase equilibrium (Fig. 1) . Figure 3 shows samples quenched from various temperatures below the liquidus. Primary S-ferrite forms on cooling the sample to a temperature just below the liquidus (Fig. 3A) . Here the dark-etching blocky phase is the primary S-ferrite. The fine structure surrounding the primary phase indicates that the rest of the area was liquid at the moment of quenching. The ferrite appears dark mainly from the transformation of what was primary S-ferrite to Widmanstatten austenite. Fredriksson observed similar behavior in 18-8 stainless steel ingots.
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The volume fraction of the primary S-ferrite continues to increase as the temperature decreases below the liquidus. However, at 1387 C, i.e., 2529 F, (Fig. 3B ) austenite envelops the primary S-ferrite. The transformed ferrite enveloped by austenite is shown in Fig. 4 . Magnetic etching identified the dark phase in the photomicrograph as 8-ferrite.
The transformation of 8-ferrite to Widmanstatten austenite clearly marks the boundary between primary ferrite and austenite at the time of quenching.
From the point of complete envelopment, further transformations-L -> y and S -^ y-proceed at the y-L and y-S interfaces. As the sample cools to a temperature slightly below that of the solidus (1355 C, i.e., 2471 F), the transformation at the y-L interface goes to completion, leaving behind a skeletal network of untransformed S-ferrite along the core of the primary and secondary dendrite arms (Fig. 3C) . This residual ferrite appears to be very stable on quenching.
Interdendritic ferrite resulting from solute segregation was absent in the samples examined. Additionally, the 332-s I NOVEMBER 1979 amount of residual S-ferrite decreased further on slowly cooling the sample from solidus to room temperature. In view of the extensive solid-state diffusion called for in the above discussion, it should be pointed out that the sequences of solidification and solidstate transformations that occur in the interrupted solidification sample are more likely to occur in high heat input and high-deposition welds.
Solute Distribution Figure 5 shows the distribution of chromium, nickel, silicon, and manganese across secondary dendrite arms by electron microprobe analysis in the same area of the sample shown in Fig.  3A . By point count technique, the primary S-ferrite region was found to contain approximately 2 wt-% more chromium and 2 wt-% less nickel than the austenite. The distributions of manganese and silicon were fairly uniform. Figure 6 shows the distribution of chromium, nickel, silicon, and manganese across a ferrite arm in the same area of the sample as shown in Fig. 3C . The ferrite regions contained approximately 5 wt-% more chromium and 4 wt-% less nickel than the austenite. Apparently, the level of chromium seems to have increased in the ferrite while that of nickel decreased during the S^> y transformation. Figure 7A shows a transmission electron microscope (TEM) micrograph of a typical region in an interrupted solidification sample (Fig. 3C) analyzed by a STEM microanalyzer. Figure 7B shows the solute profile across a ferrite network. It should be pointed out that the observed solute profile is the quenched in-solute profile during the S^> y transformation, at a temperature slightly below the solidus. The average 0.28 chromium and nickel contents in the austenite are about 21 and 9.5 wt-%, respectively, and in the ferrite are about 26 and 7 wt-%, respectively. The quenched in-solute profile across the ferrite network also shows chromium peaks on either ferrite side of the S-y interface. This peak in chromium level may be attributed to the chromium partitioning to the S-side of the boundary by fast transport across the interface.
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Compared with the level of chromium in the primary S-ferrite from the microprobe results, the level of chromium in the residual ferrite is high. The high level can also be attributed to the transport of partitioned chromium in 8-ferrite, with further redistribution within the ferrite by volume diffusion during 5 -> y transformation. This high level of chromium seems to stabilize the ferrite and thus prevent it from transforming to Widmanstatten austenite during the quench, as discussed earlier.
The sample quenched from 1365 C, i.e., 2489 F, (Fig. 3B) that contains a network of Widmanstatten austenite and ferrite (Fig. 4) was analyzed through scanning transmission electron microscopy. This revealed another mode by which the structure retains S-ferrite. The micromorphology of the ferrite is acicular, which is different from the structure described earlier, and the ferrite is much finer. Since primary S-ferrite transformed to Widmanstatten austenite during the quench, the cooling rate encountered by the sample would be close to that of the weld metal. Hence, the network of austenite and ferrite would be typical of weld metal; in fact, it has been observed in welds.
A TEM micrograph of a typical region analyzed by the STEM X-ray method is shown in Fig. 8A . Figure 8B shows the solute profile across ferrite in the network. The average chromium and nickel contents in the austenite are 20 and 10 wt-%, respectively, and in the ferrite 28 and 5 wt-%, respectively. The observed modulation in structure and composition observed throughout the transformed primary 8-ferrite is a result of nucleation of austenite precipitates at the y-8 boundary and To correlate the results of the interrupted solidification experiments with welds, a GTA bead-on-plate weld was made with Type 308 stainless steel filler metal. The sample was both microstructurally and STEM microanalyzed. An optical micrograph of a typical section of the weld is shown in Fig.  9 . The microstructure shows regions typical of the skeletal network and acicular ferrite morphologies found in the interrupted solidification samples. Such variations in ferrite morphology within the weld depend on the variations in local solidification conditions.
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A TEM micrograph of a typical region analyzed by a STEM microanalyzer is shown in Fig. 10A . Figure 10B shows the solute profile across ferrite in the weld sample. Here again the observed ferrite is finer. The average chromium and nickel contents in the austenite of the weld are 20 and 10 wt-%, respectively, and 28 and 4 wt-%, respectively, in the ferrite. The solute profile within the ferrite and the composition of the ferrite in the weld appear to be similar to those of the interrupted solidification sample shown in Fig. 8 . As in the interrupted solidification samples, diffusion seems to play an important role in the formation of the duplex structure in the weld.
Solidification Microstructure of Type 310
Stainless Steel Filler Metal
As described earlier, solidification of Type 310 stainless steel filler metal takes place with the primary formation of austenite. Figure 11 Type precipitates on cooling the sample to a temperature just below the liquidus (Fig. 11A) . The fine structure surrounding the primary phase indicates that the rest of the area was liquid at the moment of quenching. The volume fraction of the primary austenite continues to increase as the temperature decreases below the liquidus, leading to about 100% solid at a temperature of 1304 C, i.e., 2379 F, (Fig. 11B ). During the above transformation of liquid to austenite there is a continuous enrichment (partition ratio* /C c / r L <1) of chromium in the liquid. As solidification approaches completion, the last chromium-enriched liquid may solidify as S-ferrite. The 8-ferrite would be located in the intercellular or interdendritic region. However, during this investigation no residual ferrite resulting from solute segregation at the intercellular or interdendritic regions was revealed by magnetic etching. The above observation compares well with a typical Type 310 stainless steel weld, as shown in Fig. 12 , which is fully austenitic.
Conclusion
Interrupted solidification studies and differential thermal analysis aid in understanding weld metal microstructures.
The Type 308 stainless steel filler metal investigated solidifies by the primary crystallization of 8-ferrite followed by austenite enveloping the ferrite. Depending on the cooling rate, two modes of primary S-ferrite transformation could take place, leading to the observed morphologies of the duplex structure. Thus, the ferrite in the duplex structure of the weld may be identified as: 1. Residual primary ferrite resulting from incomplete S^> y transformation, or-2. Residual ferrite after Widmanstatten austenite precipitation.
During the above transformations, solute redistributes extensively, leading to enrichment of ferrite by chromium and to depletion in nickel. This high level of chromium seems to stabilize the ferrite.
The Type 310 stainless steel filler metal investigated solidifies by the primary crystallization of austenite with the transformation going to completion at the solidus temperature. In the samples residual ferrite was absent at the intercellular or interdendritic regions. This agrees with our observations on the Type 310 stainless steel weld as well.
